Background: Adsorption of lead (II) ions onto activated carbons prepared from the marine green Ulva fasciata sp.
Background
The presence of heavy metals in the aquatic environmental has been a big deal to scientists and engineers due to their increased discharge, toxic nature and other adverse effects on receiving waters [1, 2] . Lead is widely used in many important industrial applications, such as storage battery, manufacturing, printing pigments, fuels, photographic materials and explosive manufacturing [3] . Lead exposure causes weakness in fingers, wrists and ankles. The effects of lead toxicity are very wide ranging and include impaired blood synthesis, hypertension, severe stomach ache, brain, kidney damage and even can cause miscarriage in pregnant women [4] . The permissible level for lead in drinking water is 0.05 mg L −1 according to the US Environmental Protection Agency (EPA). Therefore, a very low concentration of lead in water is very toxic [5] .
The removal of such a heavy metal from contaminated water bodies has been attempted by several scientists employing a wide variety of techniques including chemical precipitation, ion-exchange, electro flotation, membrane filtration, reverse osmosis, etc. All these methods are generally expensive. For this reason, there is a need for developing economic and eco-friendly methods for waste minimization and fine tuning of the wastewater [6] . The most popular of these technologies is activated carbon adsorption and widely used but it is expensive. Therefore, there is a growing interest in using low-cost, easily available materials for the adsorption of metal ions. A low-cost adsorbent is defined as one which is abundant in nature, or is a by-product or waste material from another industry. Many algae, yeasts, bacteria and other fungi are known to be capable of concentrating metal species from dilute aqueous solutions and accumulating them within their cell structure [7] . Recently, green algae are attractive as they are ubiquitous in natural environment, have large surface area-to-volume ratio and high binding affinity to pollutants [8] . Ulva fasciata sp. algal cell walls are porous and allow the free passage of molecules and ions in aqueous solutions. The constituents of the cell wall provide an array of ligands with different functional groups capable of binding various heavy metals [9] .
The objective of this work is to study the adsorption of lead(II) ions from aqueous solutions onto activated carbons from marine green U. fasciata and commercially activated carbon. The effects of pH, contact time, initial lead(II) ion concentration and adsorbent dose were examined. The adsorption isotherm, kinetic and thermodynamic parameters were deduced from the adsorption measurements.
Methods

Preparation of adsorbent
The green marine algae U. fasciata in the present study were collected from the coastal area of Kanyakumari district, Tamil Nadu, India. The collected algae were washed with tap water and further by deionized water several times to remove impurities. The washing process was continued till the removal of all dirt. The washed algae were then completely dried in sun light for 7 days.
Calcium chloride-treated U. fasciata carbon
The dried algae U. fasciata to be carbonized is impregnated with solution of chloride salts such as calcium chloride for 24 h. Accordingly, sufficient quantities were soaked well with 10% chloride solution of 5 L capacity respectively so that the solution get well adsorbed for a period of 24 h. At the end of 24 h, the excess solution was decanted off and air dried. Then, the materials were placed in muffle furnace carbonized at 400°C. The dried materials were powdered and activated in a muffle furnace kept at 800°C for a period of 10 min. After activation, the carbon washed sufficiently with 4 N HCl to remove the cations. Then, the materials were washed with plenty of water to remove excess acid, dried and powdered [10] .
Sodium carbonate-treated U. fasciata carbon
In this method, the dried algae U. fasciata to be carbonized were soaked with 10% sodium carbonate solution for a period of 24 h. After impregnation, the liquid portion was decanted off and the material dried. The dried mass was subjected to carbonization process at 400°C powdered well and finally thermally activated at 800°C for a period of 10 min [10] .
Sodium sulphate-treated U. fasciata carbon In this method, the dried algae U. fasciata to be carbonized were soaked in 10% solutions of sodium sulphate for a period of 24 h. After impregnation, the liquid portion was decanted off and then dried. The dried mass was subjected to carbonization process at 400°C powdered well and finally thermally activated at 800°C for a period of 10 min [10] . In the present study, the powdered activated carbons (calcium chloride-treated U. fasciata carbon (CCUC), sodium sulphate-treated U. fasciata carbon (SSUC) and sodium carbonate-treated U. fasciata carbon (SCUC)) of algae U. fasciata in the range of 150-μm particle size and particle size of commercially activated carbon (CAC) in the range of 300 mesh were used as adsorbents.
Preparation of metal ion solution
A stock solution of lead(II) ions concentration 1,000 mg/L was prepared by dissolving an accurate quantity of 1.6 g Pb(NO 3 ) 2 (Merck) in deionized water. Other concentrations prepared from stock solution by dilution varied between 10 and 80 mg L −1 , and the pH of the working solutions was adjusted to desired values with 0.1 N HCl or 0.1 N NaOH. Fresh dilutions were used for each experiment.
Batch adsorption studies
Batch adsorption equilibrium experiments were conducted for the adsorption of lead on activated carbons of green algae U. fasciata and commercially activated carbon as a function of initial pH, initial Pb(II) concentration, adsorbent dose and contact time by adding 0.2 g of dried carbon to 100 mL of lead solution with different concentrations in 250-mL stoppered reagent bottles at a constant shaking speed (250 rpm). All the experiments were carried out at room temperature (28°C ± 2°C). For studying the influence of pH on the adsorption of Pb(II), the experiments were conducted at various initial metal solution pH values of 1 to 10. The pH of each solution was adjusted to different values with either 0.1 N NaOH or 0.1 N HCl. The concentrations of Pb(II) ions in solution before and after adsorption were determined using atomic adsorption spectrophotometer (Model Elico-SL 163, Elico, Hyderabad, India) by monitoring the absorbance for the metal ion used. All adsorption experiments were carried out in triplicates to check the reproducibility of results. The equilibrium and kinetics data were obtained from batch experiments.
During the adsorption, a rapid equilibrium established between adsorbed metal ions on the active cites of adsorbent (q e ) and unabsorbed metal ion in the solution. The amount of adsorption at equilibrium (q e ) (mg/g) and the percentage adsorption (%) were computed as follows:
where C 0 and C e are represented the initial and equilibrium concentrations (mg/L), V is the volume of solution and X the weight of adsorbent (g).
Results and discussion
Effect of pH on Pb(II) adsorption
The pH of aqueous solution is an important factor and influences on the metal speciation in aqueous solution as well as the surface properties of adsorbent and therefore can affect the extent of adsorption [11] . Thus, the adsorption behaviour of Pb(II) on the surface of activated carbons prepared from U. fasciata (CCUC, SSUC and SCUC) and commercially available activated carbon (CAC) has been investigated over a pH range of 1.0 to 10.0 at room temperature with 100 mL of Pb(II) ion concentration 20 mg/L containing 0.2 g activated carbon and contact time 2 h. The results are shown in Figure 1 , from the graph, it is observed that the adsorption of Pb (II) varies with pH and hence Pb(II) adsorption on CCUC, SSUC, SCUC and CAC is highly pH dependent. The percentage of Pb(II) adsorption on CCUC, SSUC, SCUC and CAC increased with increasing pH and reached a plateau value at around pH range 4. Around pH 4, the surface of activated carbon is negative, and there is a strong electrostatic attraction between surface groups and Pb(II) species. As a result, at pH 4, the adsorption of Pb(II) is high. Below and above of this pH value 4, the adsorption process was decreased. At highly acidic pH, the overall surface charge on the active sites became positive, and metal cations and protons compete for binding sites on cell wall, which results in lower uptake of metal [12] . As pH increases, more ligands such as amino, phosphate and carboxyl groups would be exposed and carry negative charges with subsequent attraction of metal ions [13, 14] . The maximum adsorption for CCUC was found to be 91.54%, for SSUC was about 97.24%, for SCUC was found to 95.37% and attaining maximum value of 74.87%, respectively, at pH 4. Hence, further adsorption experiments were carried out an optimum pH 4 for CCUC, SCUC, SSUC and CAC.
Effect of contact time
Effect of contact time on the adsorbed amount of Pb(II) by CCUC, SSUC, SCUC and CAC was studied in the range of 30 to 300 min. The experiments were carried out using 100 mL of Pb(II) concentration 20 mg/L containing 0.2 g activated carbon at pH 4 for CCUC, SCUC, SSUC and CAC with agitation speed 250 (rpm) at room temperature. The results are shown in Figure 2 , and it is evident from the figure that the rate of adsorption of Pb (II) by CCUC, SSUC, SCUC and CAC was rapid and more than 90% Pb(II) ions were adsorbed within 30 min, thereafter adsorption process was decreased gradually and became constant when equilibrium was reached.
The equilibrium times for activated carbons made from U. fasciata and commercially activated carbon were 60 and 90 min, respectively. After it reached the equilibrium, there were no significant changes in lead concentration in the solution. However, as can be seen, the rate of adsorption of Pb(II) ions on CCUC, SSUC and SCUC surface was faster than CAC. From the results, it has been observed that 60-min time was sufficient for attaining the equilibrium for activated carbons of U. fasciata, the removal of 91.24% Pb(II) by CCUC, 97.34% Pb(II) by SSUC and 95.47% Pb(II) by SCUC. However, 75.19% of Pb(II) was removed by CAC in a period of 90 min.
Initial Pb(II) concentration
The dependence of the adsorption process of lead adsorption from different initial concentrations (10 to 80 mg L by the adsorbents is shown in Figure 3 . The experiments were carried out using 100 mL of Pb(II) concentrations varying from 10 to 80 mg/L at pH 4 for CCUC, SSUC, SCUC and CAC, an amount of 0.2 g/100 mL of adsorbent was used for each adsorption experiment and contact time 2 h. Analysis of percentage adsorption versus initial varying concentration of Pb(II) ions showed that the percentage adsorption decreased with increase in initial concentration of the adsorbate, but the uptake capacity increased with increase in initial concentration. At lower concentrations of lead ions, the number of lead ions which are available in the solution is less as compared to the available sites on the adsorbent. However, at higher concentrations, the available sites for adsorption become fewer, and the percentage removal of lead ions depends on the initial concentration. The maximum removal of Pb(II) was achieved at 10 mg/L of lead solution on CCUC, SSUC, SCUC and CAC were 93.45%, 99.24%, 97.84% and 80.25%, respectively. 
Effect of adsorbent dose
To find out the effect of adsorbent dose for the adsorption of Pb(II) from aqueous solution, adsorption studies were carried out by varying the amount of adsorbents while keeping pH 4 for both activated carbons of U. fasciata and commercially activated carbon, initial metal concentration (20 mg/L), shaking speed 250 rpm and at room temperature. The percentage of adsorption increases for an increase in adsorbent dose and remains constant as shown in Figure 4 . Higher percentage of adsorption with the increase of adsorbent concentration can be attributed to increase in surface area and the availability of more binding sites for adsorption. This suggests that after a certain dose of adsorbent, the maximum adsorption sets in and hence the amount of ions bound to the adsorbent and the amount of free ions remains constant even with further addition of the dose of adsorbent [15] . It is known that a minimum carbon dosage of 0.15 g/100 mL was sufficient for the maximum removal of 91.84% lead by CCUC, 97.65% lead by SSUC and 95.48% lead by SCUC. However, 0.20 g/100 mL of CAC required for maximum removal of 75.42% lead.
The results show that SSUC was found to be superior adsorbent than other activated carbons.
Adsorption isotherms
Adsorption isotherms express the relation between the amount of adsorbed metal ions per unit mass of biosorbent (q eq ) and the metal concentration in solution (C eq ) at equilibrium. The data of sorption equilibrium in this work was tested with Langmuir, Freundlich and
Temkin isotherms as expressed in Equations 3, 5 and 6, respectively. The experimental data on the effect of an initial concentration of metal on the carbon of the test medium were fitted to the isotherm models and all of the constants are presented in Table 1 .
Langmuir adsorption isotherm
The Langmuir adsorption model is based on the assumption of surface homogeneity such as equally available adsorption sites, monolayer surface coverage and no interaction between adsorbed species [16, 17] . The mathematical description of this model is
Based on the further analysis of Langmuir equation, the essential features of the Langmuir isotherm can be expressed in terms of a dimensionless constant, separation factor or equilibrium parameter R L , which is defined by the following equation [18, 19] 
where C 0 (mg L −1 ) is the initial amount of adsorbate and b (L mg −1) is the Langmuir constant described above. The R L parameter is considered as a more reliable indicator of the adsorption There are four probabilities for the R L value: (1) for favourable adsorption 0 < R L < 1, (2) for unfavourable adsorption R L > 1, (3) for linear adsorption R L = 1 and (4) for irreversible adsorption R L = 0. The plot of C e /q e versus Ce showed that the experimental data fitted reasonably well to the linearised equation of the Langmuir isotherm over the whole Pb(II) concentration range studied. The correlation coefficient R 2 , Q 0 and b were evaluated from the slope and intercept of the plot and are shown in Table 1 . The maximum adsorption capacities (Q 0 ) were 22.935 mg/g for CCUC, 24.154 mg/g for SSUC, 23.474 mg/g for SSUC and 15.625 mg/g for CAC. It is also known from the Table 1 that SSUC shows maximum values of R 2 (24.154), Q 0 (24.154 mg/g) and b (0.238 L/mg), respectively. Therefore, SSUC could be a better adsorbent for Pb(II) ions removal from aqueous solutions than CCUC, SCUC and CAC. In this study, the R L values were found to be 0.117 for CCUC, 0.076 for SSUC, 0.0842 for SCUC and 0.156 in the case of CAC, respectively. Thus, R L values are representing that adsorption of Pb(II) is favourable to Langmuir isotherm.
Freundlich adsorption isotherm
The Freundlich equation is the empirical relationship whereby it is assumed that the adsorption energy of binding to a site on an adsorbent depends on whether or not the adjacent sites are already occupied. One limitation of the Freundlich model is that the amount of adsorbed solute increases indefinitely with the concentration of solute in the solution. This empirical equation takes the form
The linear plots of log X/m versus log C e give that the Freundlich isotherm was also representative for the Pb (II) adsorption by the activated carbon adsorbents. The correlation coefficient R 2 , K F and 1/n were calculated from the slopes of the Freundlich plots and 1/n values were found to be 0.353, 0.238, 0.284 and 0.347 for CCUC, SSUC, SSUC and CAC, respectively. The magnitude of K F and 1/n shows easy separation of Pb(II) ion from water solution and high adsorption capacity. The value of 1/n, which is related to the distribution of bonded ions on the adsorbent surface, represents beneficial adsorption if it is between 0.1 and 1. The 1/n values for the carbon adsorbents are indicating that adsorption of Pb(II) is favourable.
Temkin adsorption isotherm
Another model, Temkin isotherm, was also used to fit the experimental data. Unlike the Langmuir and Freundlich equation, the Temkin isotherm takes into account the interactions between adsorbents and metal ions to be adsorbed and is based on the assumption that the free energy of sorption is a function of the surface coverage [20] . The isotherm is as follows:
The Temkin isotherm assumes that the heat of adsorption of all the molecules in a layer decreases linearly due to adsorbent-adsorbate interactions and that adsorption is characterized by a uniform distribution of binding energies, up to some maximum binding energy [21] . A plot of q e versus ln C e enables the determination of the isotherm constants B and K T from the slope and the intercept, respectively. Temkin constants are given in Table 1 . The correlation factors show that the Langmuir model approximation to the experimental results is better than Freundlich and Temkin model since the value of R 2 nearer to 1 indicates that the respective equation better fits the experimental data.
Kinetics of adsorption
Kinetics analysis is required to get an insight of the rate of adsorption and the rate-limiting step of the transport mechanism, which are primarily used in the modeling, and design of the process. The Lagergren's pseudo-firstorder, first-order reversible and pseudo-second-order models were performed to the experimental data to clarify the adsorption kinetics of Pb(II) ions onto activated carbons of U. fasciata and commercially activated carbon.
Pseudo-first-order kinetic model
The experimental data was fitted with the linear form of the pseudo-first-order rate equation by the Lagergren [22] given as
where q e and q t are the amounts of metal adsorbed (mg g −1 ) at equilibrium and at time t (min), k 1 (min −1 ) is the rate constant of pseudo-first-order adsorption rate. The linear plots of log (q e − q t ) versus 't' drawn for the pseudo-first-order model is shown in Figure 5 . The rate constant k 1 can be obtained from the plot of experimental data. The plot for first-order rate equation (Equation 6) was made at different adsorption parameters; the rate constant along with the statistical parameters such as coefficient of determination and the R 2 values from the pseudo-first-order kinetic model are given in Table 2 . From the table, it is observed that there is hardly any change in the value of rate constant at various adsorption parameters.
First-order reversible reaction model
The sorption of metal ion from liquid phase to solid may be considered as reversible reaction with an equilibrium state between two phases [23] .
where U(t) is called the fractional attainment of equilibrium and is given by 'C Ae ' and 'C Be ' are the equilibrium concentrations of adsorbate and adsorbent, respectively. The plot between ln (1 − U t ) against 't' for the first-order reversible rate as shown in Figure 6 was drawn for Pb(II) adsorption on activated carbons of U. fasciata and CAC. The values of the first-order reversible kinetic parameters such as 'k' , 'k 1 ' and 'k 2 ' were calculated using Equations 8 and 7 are given in Table 2 .
The pseudo-second-order kinetic model
Experimental data were also tested by the pseudosecond-order kinetic model which is given in the following form [24] :
where k 2 (g/mg min) is the rate constant of the secondorder equation, q t (mg/g) is the amount of adsorption time t (min) and q e is the amount of adsorption equilibrium (mg/g). The values of k 2 and R 2 were calculated from the plots between t/q t vs t, which is represented in Figure 7 . The values of rate constants along with the statistical parameters are listed in following Table 2 . From Table 2 , it can be seen that the linear correlation R 2 of pseudo-second-order kinetic model for Pb(II) is high. However, it was indicated that the pseudo-firstorder kinetic model k 2 was poor fit for Pb(II) adsorption. It can also be found from Table 2 that q e values for the pseudo-second-order kinetic model are all very high. These suggested that the adsorption processes of activated carbons of U. fasciata and commercially activated carbon for Pb(II) can be well described by the pseudosecond-order kinetic model rather than the pseudo-firstorder and first-order reversible kinetic models.
Intra-particle diffusion model
Due to porous nature of the adsorbent used in this study, pore diffusion is also expected in addition to surface adsorption. The contact time variation experiments were used to study the rate-determining step in the adsorption process. Intra-particle diffusion model used here refers to the theory proposed by Weber and Morris. The initial rate of intra-particle diffusion can be obtained by linearization of the curve according to equation [25, 26] 
where q t (mg/g) is the amount of the metal adsorbed at time t and k id is the intra-particle diffusion rate constant (mg/g min 1/2 ). Figure 8 depicts that intra-particle diffusion is slow and the slope of the linear portion of the curve gives the value of k id .
The k id values were found to be 0.0387, 0.0416, 0.0352 and 0.0763 for activated carbons CCUC, SCUC, SSUC and CAC, respectively. The linear portions of the curves do not pass through the origin indicating that mechanism of lead removal on activated carbons (CCUC, SCUC, SSUC and CAC) is both the surface adsorption as well as intra-particle diffusion not contribute to the rate-determining step.
Thermodynamic studies
Temperature dependence of the adsorption process is associated with several thermodynamic parameters. In order to describe the thermodynamic behaviour of the adsorption of Pb(II) ions onto activated carbons, the standard Gibbs free energy is calculated by using the following equation:
where R is the universal gas constant (8.314 J mol
), T is the temperature in Kelvin and K is the equilibrium 
Conclusions
In this study, the use of activated carbons (CCUC, SSUC and SCUC) prepared from marine green algae U. fasciata and commercially activated carbon (CAC) were tested as adsorbents for removal of Pb(II) ions from aqueous solution. The batch study parameters, pH of solution, contact time, initial Pb(II) concentration and adsorbent dose were found to be effective on the adsorption efficiency of Pb(II). The Langmuir, Freundlich and Temkin isotherm models were used for the mathematical description of the adsorption of lead(II) ions onto activated carbons, and the isotherm constants were evaluated from these isotherms. Results indicated that the adsorption equilibrium data fitted well to the Langmuir and Temkin isotherm models. The results show that the pseudo-second-order mechanism is predominant and that chemisorption might be the rate-limiting step that controls the adsorption process. Intra-particle diffusion should also be taken into account, but it was observed that intra-particle diffusion is not a rate-determining step. While comparing the percentage removal and adsorption capacity of activated carbons made from U. fasciata (CCUC, SCUC and SSUC) with commercially activated carbon (CAC), the activated carbons of U. fasciata are superior adsorbents than commercially activated carbon. This is due to more negatively charged binding sites in U. fasciata activated carbons than that of commercially activated carbon. The study revealed that activated carbon (SSUC) from U. fasciata has much potential as an adsorbent for the removal of Pb(II) ions from aqueous solution.
